19 20 Parasites of the genus Leishmania (Kinetoplastida: Trypanosomatidae) cause widespread and 21 devastating human diseases, ranging from self-healing but disfiguring cutaneous lesions to 22 destructive mucocutaneous presentations or usually fatal visceral disease. Visceral leishmaniasis 23 due to Leishmania donovani is endemic in Ethiopia where it has also been responsible for major 24 epidemics. The presence of hybrid genotypes has been widely reported in surveys of natural 25 populations, genetic variation reported in a number of Leishmania species, and the extant 26 capacity for genetic exchange demonstrated in laboratory experiments. However, patterns of 48 serious form of the disease, namely visceral leishmaniasis, which is usually fatal without 49 treatment. Historically the general view was that such parasites reproduce clonally, so that their 50 progeny are genetically identical to the founding cells. This view has changed over time and it is 51 increasingly clear that recombination between genetically different Leishmania parasites occurs. 52 The implication is that new biological traits such as virulence, resistance to drug treatments or the 53 ability to infect new species of sandfly could emerge. The frequency and underlying mechanism 54 of such recombination in natural isolates is poorly understood. Here we perform a detailed whole 55 genome analysis on a cohort of hybrid isolates from Ethiopia together with their potential parents 56 to assess the genetic nature of hybrids in more detail. Results reveal a complex pattern of mating 57 and inbreeding indicative of multiple mating events that has likely shaped the epidemiology of the 58 disease agent. We also show that some hybrids have very different relative amounts of DNA 59 (polysomy) the implications of which are discussed. Together the results contribute to a fuller 60 understanding of the nature of genetic recombination in natural populations of Leishmania. 61 62
27
recombination and evolutionary history of admixture that produced these hybrid populations 28 remain unclear, as most of the relevant literature examines only a limited number (typically fewer 29 than 10) genetic loci. Here, we use whole-genome sequence data to investigate Ethiopian L.
30 donovani isolates previously characterised as hybrids by microsatellite and multi-locus 31 sequencing. To date there is only one previous study on a natural population of Leishmania 32 hybrids, based on whole-genome sequence. The current findings demonstrate important 33 differences. We propose hybrids originate from recombination between two different lineages of 34 Ethiopian L. donovani occurring in the same region. Patterns of inheritance are more complex 35 than previously reported with multiple, apparently independent, origins from similar parents that 36 include backcrossing with parental types. Analysis indicates that hybrids are representative of at 37 least three different histories. Furthermore, isolates were highly polysomic at the level of results in various presentations ranging from small, self-healing cutaneous lesions to widespread 70 disseminated lesions, destructive mucosal and mucocutaneous pathology, and visceral disease 71 that is usually fatal in the absence of effective chemotherapy (Herwaldt 1999 
78
Historically, the population structure of Leishmania, other trypanosomatids and indeed most 79 protozoan parasites was considered to be largely clonal (Tibayrenc, Kjellberg, and Ayala 1990) :
80 the presumption was that admixture between members of the same clone, or between very 81 closely related parasites was absent or rare, with minimal impact on population structure.
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However, at the time the clonal theory was first proposed, most population genetic data for 83 trypanosomatids was based on inadequate sampling and use of low-resolution markers unlikely 84 to detect admixture between genetic groups (Ramírez and Llewellyn 2014 Figure S1 ), with most being 178 heterozygous in all or most of these isolates (Table S1, Figure S1 ). A single 18 bp homozygous insertion on chromosome Ld33 was present in all of the Ethiopian isolates sequenced here, which was also present in reference strains LV9 and JPCM5 but not present in BPK282. 
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Chromosome copy number for each isolate was inferred from read depth and allele frequencies 212 at heterozygous sites (see methods, Figure 2 ). Broadly, chromosomes across the majority of 213 isolates were inferred to be diploid. The exception is chromosome 31, which, as usual in 214
Leishmania, was inferred to be highly polysomic with at least four copies present in all isolates.
215
Chromosomes 5, 6, 8, 20 and 35 were also observed at higher dosage, being at least trisomic in 216 6 of the 11 isolates. Two samples stood out as being more highly polysomic than others: LdDM19 217 was inferred to be tetrasomic at three chromosomes (13, 31 and 3), while LdDM299 was strikingly 218 polysomic. For this isolate, allele frequency data suggested a minimum of tetrasomy across 219 chromosomes, with half the chromosomes inferred at even higher dosage (6 pentasomic, 9 220 hexasomic, 1 heptasomic, with chromosomes 31 and 33 octasomic).
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The high somy of LdDM299 is of particular interest given that LdDM62, the pre-treatment sample 223 from the same HIV infected patient, has somy similar to the other hybrid isolates. These two 224 isolates are otherwise genetically very similar, differing at only 4,484 sites across the genome 225 (LdDM62 differs from the other hybrid isolates at 38,023 and 25,765 sites). The difference in allele 226 frequency distribution between LdDM62 and LdDM299 is clear: for example, chromosomes 11, 227 12 and 33 all show a clear peak in allele frequencies close to 0.5 in LdDM62 suggesting disomy 228 (or at least an even chromosome dosage), but peaks at 0.33 and 0.67 in LdDM299, suggest a 229 higher dosage of at least 3 copies ( Figure 2b ). The very high somy of other chromosomes is then 230 inferred from the ratio of coverage (Figure 2a ). We attempted to confirm the high ploidy of 231 LdDM299 using flow cytometry to measure DNA content. Cells from the same population of cells 232 that was sequenced were not available, but a cloned population separated from the sequenced 233 cells by more than 8 in vitro passages was analysed. DNA content of these cells was suggestive 234 of diploidy (S1 Fig We used reads and read pairs to phase locally heterozygous sites that were physically close to 304 each other in the genome into sets of variants known to be present on a single haplotype. We 305 subsequently identified regions at which all heterozygous positions were phased in all 15 isolates, 306 so that we have unambiguous information about the haplotypes present in these regions. We 307 inferred haplotype phylogenies for nine such regions that were at least 3 kb long and had an 308 average of at least 4 heterozygous sites per isolate; this included 9 of the 16 'fully phased' regions 309 of 3 kb or longer (figure 6). All 9 blocks were on different chromosomes.
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In most blocks (7 out of 9; Figure 6a for LdDM19 and the other hybrid isolate, would explain the pattern at this locus. Examining the 328 alignments for these blocks did not reveal any sign of recombination within reconstructed 329 haplotypes, but did reveal some haplotypes in the putative hybrids that differ from either of the 330 putative parental types -for example at the haplotype block on Ld10 all of the hybrids share one 331 haplotype that is very similar to those in L. infantum JPCM5 but missing from any of the other L.
332
donovani isolates (Figure 6b; figure 7a ). Either the parent B isolates are a poor proxy for the true 333 parental types at this locus, or the history of the hybrid isolates includes crossing with more than 334 two parental populations.
336
The pattern for LdDM481 haplotypes was more complex: in 7 out of 9 trees the two haplotypes 
